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缩写 英文 中文 
AA Amino acid 氨基酸 
QDMP Quantification of demethylation potential 去甲基化能力定量评价方法
CpG The cytosine and guanine dinucleotide CG 二核苷酸 
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SAM S-adenosylmethionine S 腺苷蛋氨酸 
DNMT DNA methyltransferase DNA 甲基转移酶 
HEC Human Epigenome Consortium 人类表观遗传学联盟 





PCR Polymerase Chain Reaction 聚合酶链式反应 
MSP Methylation-specific primers 甲基化特异性引物 
EGFP Enhance Green fluorescent protein 增强型绿色荧光蛋白 
5-aza-dC 5-aza-2'-deoxycytidine,5-aza-dc 5-氮杂-2'-脱氧胞苷 
HepG-2 Human hepatocellular liver carcinoma cell line 人肝癌细胞系 
BLAST Basic Local Alignment Search Tool BLAST 序列搜索 
SNP Single nucleotide polymorphism 单核苷酸多态性 
RE Restriction endonuclease 限制性核酸内切酶 
MSREs Methylation-sensitive restriction endonucleases 甲基化敏感的限制性内切酶
FDA U.S. Food and Drug Administration 美国食品药品监督局 
MSO Methylation-specific oligonucleotide microarray 甲基化寡核苷酸微阵列技术
5-mC 5-methylated cytosine 5-甲基胞嘧啶 
RT Reverse transcription 反转录 
SDS Sodium dodecyl sulfate 十二烷基硫酸钠 
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平与5-aza-dC处理浓度存在线性相关，线性方程为y = -0.1962x + 0.856；R2 = 
0.800。EGFP表达相对量和5-aza-dC剂量梯度成良好的剂量效应关系，y = 37.022x 
+ 0.3087；R2 = 0.9821。细胞EGFP荧光强度均数与5-aza-dC存在良好的剂量效应




结果显示，低至 0.00080 µmol/L 剂量的 5-aza-dC，其去甲基化能力也可以被定
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剂量的 5-aza-dC，也能观察到 EGFP 基因启动子区的去甲基化的表达。发现 9 种
水产的去甲基化能力较强，范围介于 0.00640-0.03870 µmol/L 5-aza-dC 当量之
























It was studied that a novel quantification method for demethylation epigenetic 
toxicity of pollutants based on construction of hyper-methylated pEGFP-C3 plasmid 
eukaryotic expression vector and applied to evaluate the epigenetic toxicity of aquatic 
from polluted coastal in Tianjin, China. 
pEGFP-C3 plasmid was extracted and purified after E. coli amplified intensively; 
and then was double digested with restriction enzyme digestion for 3.0 kb long DNA 
strand and 1.7 kb short DNA strand, which be collected and purified with agarose gel 
electrophoresis. The EGFP gene promoter within the short DNA strand were methylated 
completely with Msss.I, and then ligated to the long DNA strand for whole circular 
pEGFP-C3 plasmid, which be gel purified for full-methylation status verification. The 
methylated pEGFP-C3 plasmid were transfected into HepG-2 cells and incubated with 
5-aza-dC at series of concentrations for 30 h.  
Sodium bisulfite sequencing assay were carried out for quantification of methylation 
status of EGFP gene promoter, quantitative real-time quantitative PCR were used for 
quantification of EGFP gene expression, quantitative flow cytometry and fluorescence 
photographs of cultured cells were resorted for quantitative detection of green 
fluorescence intensity. The dose-response relationship between 5-aza-dC exposure and 
its ability to demethylation at different levels, EGFP gene mRNA expression, and EGFP 
protein were explored. Restriction enzymes co-digestion analysis and bisulfite 
sequencing results showed that the methylation status of pEGFP-C3 gene promoter is 
high. The tests of DNA methylation, EGFP gene mRNA expression, EGFP gene 
expression were conducted successfully after artificial treated pEGFP-C3 plasmid 















Good linear relationships were observed between 5-aza-dC exposure and gene 
promoter methylation status, EGFP mRNA gene expression, EGFP protein fluorescence 
intensity while 5-aza-dC exposure gradient of 0.00016, 0.0008, 0.004, 0.02, 0.1 µM, 
respectively. The linear relationship for EGFP gene promoter methylation and 5-aza-dC 
is y =-0.1962x + 0.856; R2 = 0.800. The linear relationship for relative EGFP expression 
volume and 5-aza-dC dose is y = 37.022x + 0.3087; R2 = 0.9821. The linear relationship 
for EGFP mean fluorescence intensity of cells and 5-aza-dC is y = 10.402x+6.0334; R2 
= 0.829.  
The epigenetic toxicity of major polluted aquatics from marine in Tianjin is 
evaluated based on the HepG-2 cell line reporter gene vector above. The heavy metal 
extract of aquatic samples are prepared first uniformly, and then to be co-cultured with 
the test system. The demethylation potential of them is marked with the corresponding 
equivalent of 5-aza-dC. EGFP fluorescence can be quantitated with microscopy. Test 
results indicate that the demethylation ability of 5-aza-dC with dose between 0.00080 
µmol/L and 0.1 µmol/L can be quantitatively detected successfully. 9 of the total 19 
aquatic samples show relatively strong demethyaltion ability and the amount of them 
are among 0.00640-0.03870 µmol/L 5-aza-dC equivalent which accounted for 47 % of 
the samples tested in overall 19 species. 
A green fluorescent protein reporter gene vector with hyper-methylated CMV 
promoter is constructed successfully and the relatively sensitive response relationship 
between the green fluorescent protein gene expression of it and the doses of 5-aza-dC is 
observed. A novel method for quantification of demethyaltion ability of pollutants is 
established. Actual test results show that there is serious heavy metal contamination of 
seafood, especially shellfish, from Tianjin coastal and therefore have obvious 
demethylation epigenetic toxicity. Environment water pollution poses a serious impact 
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第一章  绪论 
1 




受到人们的高度关注[1] 。表观遗传学不涉及 DNA 序列的改变，主要研究基因表
达的变化，这种变化可以通过减数/有丝分裂遗传，并导致基因表达异常。DNA
甲基化是表观遗传学中研究 为深入的形式之一，具有多方面的生物学意义，
DNA 甲基化与胚胎正常发育、雌性个体 X 染色体失活、基因表达调控、寄生
DNA 序列的抑制、印迹基因及基因组的结构稳定等密切相关[2]。近几年来，特别
是在 DNA 甲基转移酶、DNA 甲基化机制、甲基化转录抑制机理、甲基化与肿瘤
的关系及检测方法研究等方面取得了一些进展，DNA 甲基化研究正成为肿瘤研
究中的重要的前沿领域之一。 
1.1  DNA 甲基化及表观遗传毒性的生物学意义 







为深入的一种。包括人类的所有脊椎动物，其基因组 DNA 除了包含常见的 4 种
脱氧核苷酸外，还可以检测到第五种脱氧核苷酸，即 5-甲基胞嘧啶脱氧核苷酸
(5-mC)，它是在 DNA 复制后由 DNA 甲基转移酶(或称甲基化酶)催化，以 S-腺苷













第一章  绪论 
2 
图 1.1 所示)，甲基化是哺乳动物基因组中 常见的一种 DNA 结构修饰[3]。 
 
图 1.1 胞嘧啶甲基化，去甲基化的生化途径与胞嘧啶和 5 - mC 的诱变示意图 
Fig. 1.1 Schematic representation of the biochemical pathways for cytosine 
methylation, demethylation, and mutagenesis of cytosine and 5-mC  
 




要组成部分[4]。DNA 甲基化参与了动物胚胎发育、基因印迹和 X 染色体失活等
过程，在基因表达调控中具有重要的作用，异常甲基化能够导致肿瘤的形成[5]。



















第一章  绪论 
3 
外)。基因 CpG 岛的甲基化能干扰一些转录因子与基因调控区的结合，DNA 甲
基化还可能直接抑制 RNA 聚合酶活性而抑制基因的表达。同时，甲基化的 DNA
可与特异蛋白结合及通过 DNA 甲基化改变染色质结构等，从而间接的阻碍转录
因子与 DNA 结合而抑制转录。目前已证实 DNA 甲基化与组蛋白去乙酰化呈正
相关[7]，而乙酰化是调控基因表达的另一种重要的方式。 
CGI 甲基化和组蛋白的乙酰化这两种机制通过联系甲基化 CpG 结合蛋白
2(MeCP2)共同发挥作用[8]。MeCP2 特异性地与甲基化的 DNA 相互作用，紧密结
合染色体，其转录抑制区(TRD)与包括转录抑制因子和组蛋白去乙酰化酶在内的
抑制复合物有关，能在体内调控基因表达。另外也有研究表明[9]，哺乳动物的












DNA 甲基化反应可以分成两种类型(如图 1.2 所示)，一种是从头甲基化。另
一种是保留或维持甲基化[12]。只一条链甲基化的双螺旋 DNA 也称作半甲基化
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